, and Itai Kloog a Purpose of review Particulate matter air pollution is a ubiquitous exposure linked with multiple adverse health outcomes for children and across the life course. The recent development of satellite-based remote-sensing models for air pollution enables the quantification of these risks and addresses many limitations of previous air pollution research strategies. We review the recent literature on the applications of satellite remote sensing in air quality research, with a focus on their use in epidemiological studies.
INTRODUCTION
The WHO has estimated that fine particulate matter (PM 2.5 ) contributes to approximately 800 000 premature deaths per year, ranking PM 2.5 as the 13th leading cause of mortality worldwide [1] . PM 2.5 has been associated inter alia with increased risk of myocardial infarction [2, 3] , reduced birth weight [4] [5] [6] , cardiovascular disease [7] [8] [9] and respiratory disease [9, 10] . Most of the epidemiological studies on the health effects of air pollution have been conducted using measures of particulate matter collected from sparse networks of stationary ground monitors as the exposure metric. The availability of these monitors can vary widely, particularly in rural or developing areas. These limitations can potentially bias estimates of health effects, because of exposure estimation errors (i.e. assigning inaccurate exposure from spatially misaligned ground monitoring locations). The development of models to assess air pollution exposures for health studies is a growing field of environmental research. Generally, six classes of models can be identified: proximity-based assessments (e.g. distance to major roadways); statistical interpolation between sparse monitoring networks; land use regression models that parameterize spatial characteristics on a training dataset; line dispersion models; integrated emission-meteorological models and hybrid models [11] . Hybrid models include those that combine elements of land use regression, accounting for local features, augmented with proxy measures of aerosol distribution from satellite remote sensing. These new hybrid models have been able to obtain population representative samples over large areas while capturing the role of exposure variation at the individual level. Furthermore, in areas where surface monitoring is sparse or not Satellites carry instruments which measure electromagnetic radiation coming from the Earth-OceanLand-Atmosphere System, including back reflected solar radiation and emitted infrared radiation. This review is focused on the use of satellite-based models for particulate matter exposure assessment. Since the mid-1990s, a new generation of Earth-observing satellites has been able to detect tropospheric air pollution at increasingly high spatial and temporal resolution [17] . This review article summarizes the recent work that relates satellite measurements to quantification of primary emissions, with a focus on the relation between the common satellite-based aerosol optical depth (AOD), also known as aerosol optical thickness, and particulate matter. AOD is a unitless measure defined as the integral of the aerosol extinction coefficients along the vertical atmospheric column from Earth's surface to the top of the atmosphere at given wavelengths because of scattering and absorption along the measured atmospheric column. Generally, low AOD values are observed on clear days whereas AOD values greater than 0.5 are mostly related to the presence of atmospheric dust/ pollution [18] .
SATELLITE INSTRUMENTS
One commonly used instrument for measuring AOD is the Moderate Resolution Imaging Spectroradiometer (MODIS), which measures particle abundance with nearly global coverage at moderate spatial resolutions (10 km/3 km at nadir), even over complex land surfaces. There are MODIS instruments aboard both the Terra (equator crossing time 10:30) and Aqua (equator crossing time 13:30) satellites [19] . AOD can also be observed from a geostationary orbit, offering high temporal resolution (e.g. every 30 min).
Examples of geostationary platforms with AOD products include the U.S. Geostationary Orbiting Earth Satellite series [20] , the Japanese Geostationary Meteorological Satellite and Multi-functional Transport Satellites and the European Spinning Enhanced Visible and Infrared Imager [21] . The geostationary AOD products offer higher observation frequency but have larger errors than MODIS [22] . The Visible Infrared Radiometer Suite was launched in October 2011 and has similar capabilities to MODIS but with higher resolution (6 km at nadir), and the retrieval algorithm necessary to generate AOD products for use in satellite models of air pollution is developing rapidly [21] . Techniques that enhance the usefulness of current retrievals are discussed, including the use of a higher resolution (1 km) derived AOD product called the multi-angle implementation of atmospheric correction [23, 24] . In addition to AOD, other sources of information have been used to estimate particulate matter speciation in air quality investigations (e.g. augmenting with the GEOS-Chem chemical transport model [12, 25] ).
Over recent years, there has been a growing use of satellite modeling in epidemiological studies. Multiple studies have reliably shown the use of exposure assessment from satellite-based models. These studies include investigation of the association between particulate matter air pollution and cardiovascular disorders [26] , emergency room admissions [6, 27] , and birth outcomes [28] [29] [30] [31] , and specific health disorders resulting from specific exposures, such as dust events [32] , or traffic-pollution [33] , among others [34] [35] [36] . The following sections further discuss these studies. The section 'Using satellite observations for air quality monitoring' summarizes the use of satellite observations in air quality estimation studies, with a focus on their use in environmental health studies and pediatrics. The 'Gaps in satellite remote sensing' section explains the gaps and limitations of using satellite-borne data in particulate matter estimation models for health applications, and the 'Conclusion' summarizes this work.
USING SATELLITE OBSERVATIONS FOR AIR QUALITY MONITORING
The use of AOD to assess ground-based particulate matter concentrations has been actively researched for over a decade. Most advanced models using AOD can estimate daily PM 2.5 concentrations with relatively high accuracy. These estimates are then averaged spatially (e.g. from a fixed grid up to larger, areas, such as census tracts and zip codes, in order to be linked to population and disease characteristics) or temporally (e.g. from daily to weekly, monthly or a longer period for trend analysis) [37 && ].
KEY POINTS
We review the applications of satellite remote sensing in air quality research, focusing on epidemiologic studies.
We focus on the use of such satellite data in the field of pediatrics.
We also discuss the gaps and limitations of using these satellite-based models.
Following is a summary of recent publications exploring the AOD-particulate matter relationships and its use in epidemiological studies. Typically, exposure to PM 2.5 in such epidemiological studies is assessed using measurements from air quality monitoring stations. However, in many geographical areas, ground PM 2.5 monitoring networks are sparse and nonideally deployed for environmental health studies. Satellite remote sensing can be used to assess PM 2.5 in areas where surface monitoring is limited or not available. Figure 1 demonstrates the expanded spatial coverage of a 10 km satellite-based model compared with the PM 2.5 monitoring network in the midAtlantic USA. Although many studies explored the use of a univariate satellite-based prediction model [12] [13] [14] [15] [16] [38] [39] [40] [41] , Kloog et al. [42 && ] demonstrated that a hybrid approach incorporating MODIS AOD and commonly used land use regression (LUR) variables and meteorological variables improved the PM 2.5 predictions [43] . The hybrid model was fitted with mixed effects regression models with random slopes and intercepts for the AOD-particulate matter relationship for day, based on 8 years of data across New England, USA (mean R 2 ¼ 0.83). Furthermore, they used spatial smoothing to predict PM 2.5 concentrations for day-locations with missing AOD measurements. Finally, local (100 m) land use terms were used to model the residual difference between grid cell predictions and monitored values to capture very local particle sources.
This approach of incorporating LUR variables and calibrating with a mixed effects model was applied in several studies based on AOD from the MODIS 10-km algorithm [44] [45] [46] and from the multiangle implementation of atmospheric correction (MAIAC) 1-km AOD retrieval algorithm [47] [48] [49] [50] [51] . Using high-spatial resolution satellite data, improved prediction results in Israel [48] and in the Northeast USA, where [49] reported mean crossvalidated R 2 of 0.88 for particulate matter prediction with spatial and temporal components of R 2 ¼ 0.87. These studies also used inverse probability weighting to account for nonrandom missingness of AOD, usually because of seasonality (e.g. seasonal cloud cover patterns). This approach enabled control for the inherent day-to-day variability in the AOD-particulate matter relationship, which depends on time-varying parameters such as particle optical properties, vertical and diurnal concentration profiles and ground surface reflectance, among others [52] . Lee et al. [53] developed a model for the Southeast USA, based on over 10 years of data. They divided the study area into three regions and applied separate mixed-effect models to calibrate AOD to each region as the optical properties may vary over large areas, even within a single day. Similar results were obtained to models in the Northeast USA, with R 2 values of 0.7-0.81, and root mean squared prediction errors of 1-2.89 mg/m 3 . Similar results were found by Nordio et al. [46] who applied these methods over Northern Italy for estimating PM 10 concentrations. The three-stage model allows the assessment of short-term and long-term human exposures in order to investigate both the acute and chronic effects of ambient particles, respectively [42 && ]. The model results show high predictive accuracy at high-spatial resolutions, in different locations, and will be useful in reconstructing worldwide exposure histories for epidemiological studies [49] . Other calibration modeling approaches, apart from the mixed model, used in this field include geographically weighted regression [54, 55] , generalized additive model and multivariate adaptive regression splines [56] , Kriging [57] , and the addition of other nonsatellite sources with likely independent sources of error (e.g. GEOS-Chem chemical transport model) have been used to better understand the sources, seasonality and trends of aerosols [58, 59] .
The use of satellite data in environmental health studies
The use of satellite observations in environmental health studies started during 2009 in the United States [26, 60] . It has been the first time AOD was used to expand the PM 2.5 exposure matrix to obtain a spatially complete particulate matter surface, for investigating the association between PM 2.5 concentrations and coronary heart disease outcomes in the United States. Both studies focused on the Eastern part of the USA where better correlations between AOD and PM 2.5 exist because of the spectral properties of the background surfaces (dark and vegetated).
This ability to estimate particulate matter concentrations based on satellite data should greatly speed up the progress of air pollution health effect studies, particularly in developing countries which may have substantially worse air quality but fewer dense ground monitoring networks [61] . Chiu et al. [62] examined the effects of prenatal communitylevel psychosocial [exposure to community violence (ECV)] and physical (air pollution) stressors on repeated wheeze in 708 urban children followed to age of 2 years. They used the methodology developed by Kloog et al. [42 && ] based on MODIS 10-km AOD data and found associations between ECV and satellite-based PM 2.5 estimations. Van Rossem et al. [63] examined the associations of antenatal exposure to ambient air pollution with newborn SBP. Estimated PM 2.5 exposure data were generated by previously described prediction models validated for the New England region for the period 2000-2008. The prediction model was also based on the 10-km MODIS AOD product. They found, among others, that exposures to PM 2.5 and modeled black carbon in late pregnancy were positively associated with newborn SBP, for example 1.0 mmHg; 95% confidence interval: 0.1, 1.8 for a 0.32 mg/m 3 increase in mean 90-day residential black carbon) [63] . Wang et al. [64 && ] demonstrated a method for directly assessing particulate matterinduced acute adverse health effects by satellite remote sensing, without a prior calibration stage based on ground monitoring data. They examined the acute health impacts of airborne particles estimated directly from the MODIS 10-km AOD product in China for the year 2006 and found positive associations. Recently, a cohort-based study was published presenting results over 16 years of studying the associations between exposure to ambient PM 2.5 , O 3 and nitrogen dioxide (NO 2 ) with mortality in Canada [65 && ]. Additionally, other health outcomes were studied with the use of satellite-based models, such as deep vein thrombosis [27] and other variables, apart from particulate matter, estimated from remote-sensing products have also been associated with health outcomes, including ambient temperature [29, 66] . Given the recently achieved worldwide coverage of highresolution satellite data, applications in health studies are rapidly expanding.
The use of satellite data in the field of pediatrics
In recent years, the advantages of using satellite data to expand the spatiotemporal particulate matter exposure matrix have expanded the scope of air pollution research in the field of pediatrics. Anderson et al. [67] investigated community-level associations between asthma prevalence data from the International Study of Asthma and Allergies in Childhood and satellite-based estimates of PM 2.5 and NO 2 . Compositional data were obtained from the global chemical transport model GEOS-Chem (http://www.geos-chem.org/) and total columnar AOD was obtained from two spectroradiometers [MODIS and Multi-angle Imaging SpectroRadiometer] to estimate PM 2.5 and NO 2 at a spatial resolution of 10 km. In contrast to reports from within-community studies of individuals exposed to traffic pollution, they did not find evidence of a positive association between ambient air pollution and asthma prevalence as measured at the community level.
Kloog et al. [68] studied the association between adverse birth outcomes, such as low birth weight and premature birth exposure, and ambient air pollution. They evaluated the estimated PM 2.5 concentrations during pregnancy in Massachusetts for a 9-year period (2000-2008). Similar to previously discussed studies, they also used a multistage calibration detailed in [42 && ] on a spatial resolution of a 10-km grid. They used a two-stage model using both linear and logistic mixed models. Their conclusions suggest that exposure to PM 2.5 during the last month of pregnancy contributes to risks for lower birth weight and preterm birth in infants. Lakshmanan et al. [30] also studied birth outcomes in relation to prenatal traffic-related air pollution exposure. Fine particulate matter (PM 2.5 ) was estimated using a hybrid LUR model incorporating satellite-derived AOD measurements. Their findings support the existing associations of prenatal exposure to traffic-related air pollution and reduced birth weight, which were most evident among men born to obese mothers.
Utilizing the same satellite-based estimation model, Kloog et al. [29] looked at the association between ambient temperature (Ta), PM 2.5 and birth outcomes. They evaluated birth outcomes and average daily Ta during various prenatal exposure periods in Massachusetts (USA), using both ground measured Ta and satellite-based modeled Ta, and found that Ta during pregnancy was associated with lower birth weight and shorter gestational age in the studied population. Hyder et al. [69] used an integrated database of ground measurements and satellite-based observations to study the relation between air pollution and adverse birth outcomes in the Northeast USA for the years 2000-2006. They used the statistical method developed by Lee et al. [70] , for using satellite-based AOD and spatial clustering to predict PM 2.5 concentrations. Their results support the increasing usefulness of satellite data in health effect studies. Future studies should consider the spatial and temporal resolution of satellite data and other limitations as detailed below.
Recent health studies in pediatrics presented in this section, and others, are summarized in Table 1 [3, 29, 30, 33, 62, [67] [68] [69] 71, 72] .
GAPS IN SATELLITE REMOTE SENSING
Although many studies point out the promising results of improved particulate matter predictions based on satellite data, health researchers seeking to use these data should be familiar with common limitations.
Ground particulate matter concentrations are point measurements measured at fixed locations that may be more representative of the breathing zone compared with the raw AOD that represents the integration of the whole atmospheric column. For example, the AOD can capture aerosols aloft that are not captured by the ground monitors.
Ground particulate matter concentrations are monitored on a continuous (e.g. half hourly/ hourly/daily) scale, whereas the AOD is retrieved only when the satellite passes overhead, which is typically once a day for the most frequently used instruments. The measure derived at the overpass hour thus will not necessarily represent diurnal variability at each location.
The AOD used by itself does not represent the particulate matter speciation nor the size distribution, two important characteristics of the toxicity of particulate matter, and therefore should be used with caution in health studies.
Knowing the aerosol vertical profile and composition may assist in understanding more accurately what underlies the AOD physical measurements and therefore the contribution of AOD to particulate matter estimation. Studies with data on ground-level particulate matter, boundary layer conditions, and the aerosol vertical profile, are better able to augment exposure models with AOD.
Remote sensing is most useful for estimating ambient exposures and will not reflect indoor exposure levels or personal sources of exposure (e.g. cook stoves).
Satellite data are available on clear days as cloudiness masks retrieval abilities. Estimation of exposure in the absence of AOD requires data augmentation or statistical modeling.
Although satellite-based models have proved to be useful for assessing ground measurements in health outcome studies, their limitations should be taken into account.
CONCLUSION
In conclusion, statistical models driven by satellite aerosol remote-sensing data can be valuable tools to generate PM 2.5 exposure estimates over large areas. Aerosols have been quantified using AOD and the relationship between AOD and PM 2.5 and PM 10 is being actively investigated. Furthermore, in recent years, there has been increasing use of satellite data in epidemiological studies. Although the desire for the use of satellite data for air quality purposes is widely stated, many of the measurements are still limited. Satellite observations fill gaps in areas where there are insufficient ground sensors, but do not allow for the quantification of the aerosol size distribution or composition. Satellite-based modeling is still in its infancy. Modern multisensor platforms from polar and geostationary orbits have accrued less than 15 years of recorded data, however, these are currently available as prospective measures for contemporary health studies. As the satellite data are publicly available and easy to obtain, in combination with limited ground observations, the spatial and temporal characteristics of regional PM 2.5 levels can be established quantitatively in a relatively short period. This ability should greatly speed up the progress of air pollution health effect studies, particularly in developing countries. Moreover, as satellite remote sensing evolves, higher spatial resolution data (e.g. 3 Â 3 km and 1 Â 1 km) have more recently become available. This finer resolution will further reduce exposure error in epidemiologic applications quantifying the health impacts of air pollution, and should enable us to more precisely estimate daily exposures and better understand how they vary across different spatial locations. For researchers looking into adding environmental exposure to their research, we would suggest contacting any of the above groups working with satellite-based modeling to explore the feasibility of developing such models in the area of interest. We should note that many of the groups are working to expand their model to the whole United States and other areas around the world. These models should be available in the upcoming years.
